Many mammalian retinas are rod-dominant, and hence our knowledge of cone photoreceptor biology is relatively limited. To gain insights into the molecular differences between rods and cones, we compared the gene expression profile of the rod-dominated retina of wild type mouse with that of the cone-only retina of Nrl ؊/؊ (Neural retina leucine zipper knockout) mouse. Our analysis, using custom microarrays of eye-expressed genes, provided equivalent data using either direct or reference-based experimental designs, confirmed differential expression of rod-and cone-specific genes in the Nrl ؊/؊ retina and identified novel genes that could serve as candidates for retinopathies or for functional studies. In addition, we detected altered expression of several genes that encode cell signaling or structural proteins. Prompted by these findings, additional real-time PCR analysis revealed that genes belonging to the Bmp/Smad and Wnt/Ca 2؉ signaling pathways are expressed in the mature wild type retina and that their expression is significantly altered in the Nrl ؊/؊ retina. Chromatin immunoprecipitation analysis of adult retina identified Bmp4 and Smad4, which are down-regulated in the Nrl ؊/؊ retina, as possible direct transcriptional targets of Nrl. Consistent with these studies, Bmp4 and Smad4 are expressed in the mature rod photoreceptors of mouse retina. Modulation of Bmp4 and/or Smad4 by Nrl may provide a mechanism for integrating diverse cell signaling networks in rods. We hypothesize that Bmp/Smad and Wnt/Ca 2؉ pathways participate in cell-cell communication in the mature retina, and expression changes observed in the Nrl ؊/؊ retina reflect their biased utilization in rod versus cone homeostasis.
In mammals, vision is initiated in the retina, which is a highly structured part of the brain consisting of over 50 types of neurons that are organized in three distinct layers (1, 2) . The outer nuclear layer consists exclusively of two types of photoreceptors, rods and cones, responsible for detection and transduction of light energy. Rods function under low ambient light and form the major photoreceptor population of many mammals, including humans (95%) and mice (97%). Cones are responsible for phototransduction in bright light, providing high acuity and color vision (1) . Cones are needed for maintaining central vision, and their survival is vital for preserving visual function in retinal and macular diseases (3, 4) . Rods and cones possess distinct subsets of proteins involved in the phototransduction cascade (5, 6) , but despite significant neuroanatomical and physiological advances (2, 7, 8) , little progress has been made toward delineating the molecular mechanisms that underlie functional distinctions between the two photoreceptor types, their communication with other neurons, and their maintenance, survival, or remodeling in response to extrinsic or intrinsic insults.
One approach to systematically dissect the regulatory networks and molecules associated with rod or cone photoreceptor function is to take advantage of animal models that exhibit preferential utilization of one or the other photoreceptor subtype. Unfortunately, many species with cone-rich retinas (e.g. ground squirrel and chick) present difficulties with respect to experimentation and are less amenable to genetic manipulations. Because of a large number of naturally occurring and experimentally generated mutants (available at jaxmice.jax. org/info/index.html), the mouse offers a unique opportunity to examine this complex question. The Nrl 1 -knockout (Nrl Ϫ/Ϫ ) mouse, recently generated in our laboratory, exhibits a unique rod-less and cone-only retinal phenotype (9) . Nrl was originally identified from a subtracted human retina library and shown to be expressed, by Northern analysis, specifically in the retina and retinoblastoma cell lines (10) . In situ hybridization analysis identified Nrl transcripts in developing mouse brain and lens, although the expression became restricted to the retina after birth (11) . Later studies, however, demonstrated that Nrl is specifically and highly expressed in the rod (and not cone) photoreceptors (9, 12) and pineal gland 2 and that the transcripts in developing brain and lens probably represented cross-hybridization with p45, L-Maf, or another homologous sequence in the mouse genome (12, 13) . Nrl is shown to interact with other transcription factors, such as the homeodomain protein Crx, zinc finger protein Fiz1, and orphan nuclear receptor Nr2e3, and regulate (either alone or synergistically) the expression of several rod-specific genes (14 -20) . Missense mutations in the human NRL gene are associated with autosomal dominant retinitis pigmentosa (21, 22) . Consistent with these findings, the targeted deletion of Nrl (Nrl Ϫ/Ϫ ) in mouse resulted in a retina with no rod photoreceptors; instead, a concomitant increase in functional S-opsin expressing cones was observed (9) . This apparent functional switching of photoreceptor subtypes (from rods to cones) has been validated by histology, electrophysiology, and biochemical and molecular analysis (9, 23, 24) . 3 Microarray-based global profiling of gene expression, in combination with bioinformatic tools, can yield valuable insights into cell-or tissue-specific functions. Expression profiling of tissues from mice deficient in a transcription factor gene can point to downstream regulatory targets, provide candidates for functional studies, and facilitate positional cloning of human disease loci (25) (26) (27) (28) . Analysis of the retinal transcriptome during development and aging and in mouse models of retinal dysfunction has been the subject of intense investigation (28 -31) . We have used the Nrl Ϫ/Ϫ mouse model to identify molecular differences between rods and cones (24) . However, commercially available microarrays do not have adequate representation of genes transcribed in developing and mature eye/retina; hence, several groups have produced custom slide microarrays of eye/retina-expressed genes (28, 30, 32) . For gene profiling, we have isolated and sequenced cDNAs from mouse eye/retina libraries, annotated over 10,000 expressed sequence tags (ESTs), and produced cDNA microarrays (called I-gene microarrays) (33, 34) .
Here, we report the expression profile of the mature retina from the rod-less (and cone-only) Nrl Ϫ/Ϫ mice using I-gene microarrays and compare it to the gene profile of the roddominated wild type mouse retina. We demonstrate differential expression of several genes, encoding phototransduction, structural, and signaling proteins, in the Nrl Ϫ/Ϫ retina. Our data reveal novel differentially expressed genes for future functional studies. Of particular importance are the findings that genes encoding components of Bmp/Smad and Wnt/Ca 2ϩ signaling pathways are expressed in the mature retina and their expression is altered in the Nrl Ϫ/Ϫ retina. Expression analysis by real-time PCR and chromatin immunoprecipitation studies suggest that the activity of the Smad-mediated Bmp signaling pathway is modulated by Nrl in the mature retina. In support of this, we show that Bmp4 and Smad4 are expressed in the rod photoreceptors of the mature mouse retina. We also propose that rods and cones exhibit selective bias in the utilization of different signaling pathways for cell-cell communication and controlling intracellular functions.
EXPERIMENTAL PROCEDURES
Tissue Preparation, RNA Isolation, and Northern Analysis-All procedures involving mice were approved by the University Committee on Use and Care of Animals of the University of Michigan. Retinas were dissected from the wild type and Nrl Ϫ/Ϫ mice at postnatal day (P) 21 and snap-frozen on dry ice. Total RNA was isolated using TRIzol reagent (Invitrogen) and purified by using an RNeasy kit (Qiagen). RNA integrity was verified by denaturing formaldehyde-agarose gels. Total RNA samples with a 260-to 280-nm absorbance ratio of greater than 1.9 were used for studies. Northern analysis was performed as described previously (10) .
Reference RNA for Retinal Gene Profiling-To generate the reference RNA for microarray hybridizations, total RNA was pooled from the following tissues and cell lines: mouse eye or retina at embryonic day (E) 14 -16, P2-3, P10 -12, and adult (5.5 mg); mouse adult brain (1.5 mg); P19 embryonic carcinoma cells (35) (3 mg); retinoic acid-induced P19 cells that differentiated into neuronal and glial-like cells (3 mg); and neuroblastoma cell line N1E-115 (36) (4 mg). The pooled RNA was divided into aliquots (at a concentration of 1.28 g/l) and stored at Ϫ80°C until use.
Target Labeling and Microarray Hybridization-Mouse I-gene cDNA microarray slides (34) contained PCR-amplified products from over 6,500 cDNAs, printed in duplicate; cDNAs were isolated from libraries constructed from E15.5 eyes, P2 eyes, and adult retinas, sequenced, and annotated (33) . Target RNA (10 g of total RNA) was labeled using a 3DNA Submicro Expression Array Detection kit (Genisphere, Hatfield, PA) and hybridized to microarray slides, as described (37) . The slides were scanned using an Affymetrix 428 scanner (Affymetrix, Santa Clara, CA) to obtain the highest intensity of signal, without reaching saturation for a maximum of 10 out of the 13,440 spots.
Image Processing and Data Analysis-Scanned array images without Samples from the wild type (R 1 ) retina and the common reference (G 1 ) were hybridized to one slide, whereas samples from the Nrl Ϫ/Ϫ retina (R 2 ) and the reference (G 2 ) were hybridized to another slide. Expression levels of the wild type and Nrl Ϫ/Ϫ retinas were compared by removing the signal from common reference after data normalization. 
major defects (such as scratches or blobs) were analyzed using AnalyzerDG (MolecularWare Inc., Cambridge, MA) in a batch mode. A "contour shape" was utilized to detect spots for intensity calculations, whereas a "cell method" was set to calculate background on an individual basis in a local square region centered on the spot. A data file containing spots' intensities and annotations was exported for each array in the tab-delimited text format and then imported into the statistical package, R (available at www.r-project.org/). Intensities of Cy3 and Cy5 channels for each spot were calculated separately by subtracting corresponding median background from the mean signal intensity. Genes with negative background-corrected intensities in either channel were filtered out.
To reduce systematic variation caused by experimental procedures (such as dye effects), a data-driven normalization was applied to individual datasets using a cluster of least-altered genes on the array identified by a rank-based algorithm. Briefly, let (R j , G j ) denote the measurements for the jth gene in the red (Cy5) and green (Cy3) channels, respectively, j ϭ 1, . . . , m. We calculate the ranks in each channel separately, take the difference in ranks between the two channels, and fit a three-component normal mixture model to the difference in ranks for the m genes. There will be three classes of genes to consider: those for which the rank in the red channel is significantly higher than that in the green channel, those for which the rank in the green channel is significantly higher than that in the red channel, and those for which the ranks do not substantially change between the two channels.
The genes whose ranks did not change between the two channels were used to perform a slide-dependent normalization based on a locally weighted linear squares procedure (38) . This allowed us to normalize genes and redefine a new horizontal zero axis that was used to compute log ratios of intensities in two channels. For indirect comparisons, log ratios of the wild type slide were subtracted from the Nrl
slide to obtain reference-corrected values for each gene. An Empirical Bayes method was then applied to the replicated arrays to obtain a B statistic for each gene (39) ; the B statistic estimates the posterior log odds of differential expression.
Quantitative Reverse Transcription-PCR-To validate gene expression changes, qRT-PCR analysis was performed as described (33) . Briefly, total RNA (2.5 g) treated with RQ1 RNase-free DNase (Pro- 
mega, Madison, WI) was subjected to reverse transcription using oligod(T) primers and with (ϩRT sample) or without (ϪRT) SuperScript II (Invitrogen). For each gene, real-time PCR reactions from wild type and Nrl Ϫ/Ϫ samples were performed in triplicate with SybrGreen I (Molecular Probes, Eugene, OR) and analyzed with the iCycler IQ real-time PCR detection system (Bio-Rad). The average threshold cycle (C t ) differences between the two samples were normalized against Hprt (control) in the corresponding cDNA preparation.
Immunohistochemistry-Anti-Gnb3 polyclonal antibodies were generated in rabbit against the peptide (ADITLAELVSGLEVV) and affinity-purified (Invitrogen). Anti-Smad4 rabbit polyclonal antibody (H-552) was purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Due to the low number of cones in wild type mouse retina (3% of photoreceptors), we also performed immunohistochemical analyses on frozen sections of adult pig retina, which contains ϳ15-20% cones (40) . Cryostat sections of mouse and pig retina were permeabilized with 0.1% Triton X-100 (5 min), and then preincubated in blocking buffer (PBS supplemented with 0.2% bovine serum albumin, 0.1% Tween 20, 5% normal rabbit serum, and 0.1% NaN 3 ) for 30 min. The sections were then incubated overnight at 4°C in anti-Gnb3 and anti-Smad4 polyclonal antibodies (diluted 1:200 in blocking buffer), combined either with rho-4D2 anti-rod opsin monoclonal antibody (1 g/ml) (41) or with biotinylated peanut agglutinin (PNA, Vector Laboratories, 10 g/ml). After extensive washing in PBS, sections were incubated in a mixture of goat anti-rabbit IgG-Alexa488 or -Alexa594 (Molecular Probes; 2 g/ ml), and either rabbit anti-mouse IgG-or streptavidin-Alexa594 or -Alexa488 (each 2 g/ml) in blocking buffer for 2 h. Slides were washed extensively, mounted, and viewed by fluorescence microscopy (Nikon Optiphot 2) or by laser scanning confocal microscopy (Zeiss LSM 510 version 2.5 scanning device with Zeiss Axiovert 100 inverted microscope). Control experiments were performed by omitting the primary antibody.
Chromatin Immunoprecipitation-A commercially available assay kit (Upstate Biotechnologies, Charlottesville, VA) was used for ChIP studies. Briefly, four snap-frozen retinas from wild type mice were cross-linked for 15 min at 37°C with 1% formaldehyde in PBS containing proteinase inhibitors. The retinas were washed four times in icecold PBS with proteinase inhibitors and then incubated on ice for 15 min. The tissue was then sonicated on ice eight times using 20-s pulses. The remaining steps were essentially performed as described by the manufacturer, using anti-NRL polyclonal antibody (12) .
Putative promoter regions (5Ј upstream of the transcription start site) for Rho, Bmp4, Smad4, and Bmpr1a were determined in silico (www.ncbi.nlm.nih.gov/mapview). Each DNA sequence was analyzed using MatInspector (www.genomatix.de/index.html). PCR primers were designed to flank the putative Nrl binding sites (Nrl response element, NRE) (18) either predicted manually or by MatInspector (Table I). The sequence closest to the transcription start site was chosen.
ChIP DNAs from two independent experiments were used for PCR using equal amounts for input, with antibody, and no antibody reactions.
In Situ Hybridization-The 35 S-labeled antisense and sense cRNA transcripts were synthesized from the mouse Bmp4 and Smad4 cDNAs cloned in pSPORT1 vector, according to the manufacturer's instructions (Ambion). The labeled transcripts were subjected to alkali hydrolysis (to give an average size of 70 nucleotides) and then hybridized overnight to 5-to 7-m serial sections of adult mouse retina using standard protocols (Phylogeny Inc., Columbus, OH). After stringent washing, the slides were dipped in Kodak NTB-2 nuclear track emulsion and exposed for 1-2 weeks. Slides were developed in Kodak D-19, counterstained with toluidine blue, and analyzed by light and dark-field optics.
Expression Analysis Using Purified Rod Photoreceptors-To obtain a highly enriched population of rod photoreceptors, we used Nrl-GFP transgenic mice that express enhanced green fluorescent protein (EGFP) under the control of Nrl promoter specifically in rods. 4 Retinas of Nrl-GFP mice at P28 were dissected and dissociated using the Papain Dissociation System (Worthington). Cells that were positive and negative for EGFP were flow-sorted by FACSAria (BD Biosciences). Total RNA was used for RT-PCR using gene-specific primers, as follows. Bmpr1a: forward, AAGGAATGGGTGGGATTAGC; reverse, TGGCGA-TTGCCAACTAGATA; Grm6: forward, CAAGTAGCAAGGTTGAGTGT; reverse, GGAAGAATGCTGGAAGCAAG; Hprt: forward, CAAACTTT-GCTTTCCCTGGT; reverse, CAAGGGCATATCCAACAACA; Nrl: forward, GCTGCATTTTCACCGAATCT; reverse, GGTGGTTTGGGTTGT-GGTAG; Rho: forward, CTTCCTGATCTGCTGGCTTC; reverse, ACAG-TCTCTGGCCAGGCTTA; Smad4: forward, ACCCGCGTATGCCGCCC-CATCC; reverse, ACAGCGTCGCCAGGTGCTCGGC; Thy1: forward, AACTCTTGGCACCATGAACC; reverse, AGGCTGAACTCATGCT-GGAT.
RESULTS
We chose to generate gene expression profiles of P21 retinas from rod-dominated wild type and rodless (cone-only) Nrl 5 experiments (two slides), in which Cy3-labeled wild type and Cy5-labeled Nrl Ϫ/Ϫ retinal RNA targets were hybridized simultaneously to the same slide, were performed. Five indirect comparisons were carried out with the reference RNA labeled by Cy3 and hybridized in conjunction with Cy5-labeled either wild type or Nrl Ϫ/Ϫ retinal RNA (total of 10 slides). Of the 13,440 spots on the I-gene microarray slides, 97.4% (13,092 spots) showed higher spot intensity than the background (i.e. were considered detected) in both direct comparison slides, whereas 91.6% (12,307 spots) spots were detected in all 10 slides with indirect comparisons. Scatter-plot analysis of signal intensities of the wild type and Nrl Ϫ/Ϫ retinas revealed high similarity between direct and indirect comparisons (Fig. 1) . A majority of genes have log 2 ratios centered at 0, indicating no change between the two tested samples. Only a few spots displayed over 4-fold change in both methods, although direct comparison showed a tighter scatter within the 4-fold lines. Both methods were able to successfully identify the duplicate spots of S-opsin and rhodopsin as the most up-or down-regulated genes in the Nrl Ϫ/Ϫ retina, respectively.
To compare the power of direct versus indirect methods in identifying differential gene expression, similar statistical analysis protocols were applied to both datasets to rank the genes based on their odds of being altered. The top 40 genes identified by direct comparison included 31 genes that were also ranked in top 40 by indirect comparison. Furthermore, 37 of the top 40 genes revealed by indirect experiments were present in the top 75 genes with direct comparison. This indicates a possible false-positive rate of 3/40 in the indirect comparison, assuming that only genes ranked in the top 75 by both methods are truly positive.
Differential Expression of Genes in the Nrl
Ϫ/Ϫ RetinaBased on the greatest odds of difference identified by both direct and indirect comparisons, a non-redundant set of 74 highly ranked genes was selected; of these, 50 genes are known (Table II) , whereas 24 cDNAs only show homology to sequences in the EST or genomic databases (Table III) . Of the 50 known differentially expressed genes, only 8 demonstrate higher expression in the Nrl Ϫ/Ϫ retina as compared with the wild type. The majority of these genes can be divided into the following functional groups: phototransduction, transcriptional regulation, signaling pathways, and structural or membrane-associated proteins. One-third of the altered genes (24/74) represent proteins of unknown function (Table III) ; such genes can be used as candidates for mutation screening of patients with rod and cone dystrophies or for biological studies.
We first wanted to determine whether our microarray profiling could validate changes in the expression of 16 phototransduction genes that had been analyzed previously by Northern analysis of P10 Nrl Ϫ/Ϫ retina (see Fig. 5A of Ref. 9). Our microarray data corroborated the expression changes of all genes (data not shown), except cone arrestin 3 (Arr3) and Pde6b, which did not exhibit any alteration. To further establish the fidelity of the microarray data, we examined the overlaid microarray images of spots corresponding to three genes: Gnb3 (cone transducin ␤ subunit) and its counterpart in rods, Gnb1, and one random EST (AC021049) (corresponding to the clone MRA-1648, with partial sequence homology to cold-shock domain protein A). The overlaid images of these three genes were in agreement with their microarray data ( Fig. 2A) . Northern blot and qRT-PCR analysis further confirmed the expression differences detected by microarray experiments (Fig. 2, B and C). Consistent with these observations, Gnb3 immunoreactivity was specific to cones: intense within outer segments, and moderate in cone cell bodies and synaptic pedicles (Fig. 2D,  panels a and b) . The staining within the outer segments was distinct from that observed for rod opsin (Fig. 2D, panel c) , but co-localized precisely with PNA (Fig. 2D, panels d and e) , a commonly used marker of cone outer matrix sheaths, demonstrating the cone-specific distribution of Gnb3 immunolabeling.
QRT-PCR Validation of Differentially Expressed
GenesDue to the variability inherent in microarray technology, qRT-PCR analysis was applied to validate expression data (Tables II  and III) . For 33 out of 35 genes examined (95%), qRT-PCR data were in good agreement with the microarray results with respect to the direction of observed changes (i.e. qualitative). For 21 genes, microarray data underestimated the expression change. Two genes, Rxrg and Mtap6 (also called Stop), showed a discrepancy between the two methods. Microarray data indicated slight reduction, whereas qRT-PCR demonstrated clear augmentation of their expression in the mutant retina. This discrepancy may be the result of differential expression of various isoforms (generated by alternative splicing) encoded by the two genes. Although microarray method is hybridization-based and may reflect cumulative effects, qRT-PCR using gene-specific primers generates expression data for specific isoform(s).
Repression of Bmp/Smad Signaling Pathway in the Nrl
Retina-Microarray analysis showed that the expression of four genes belonging to the Bmp/Smad pathway (Bmp2, Bmp4, Bmpr1a, and Tob1) was reduced in the Nrl Ϫ/Ϫ retina. Because the expression and role of Bmp/Smad proteins have not been documented in mature retina, we decided to explore this further by qRT-PCR analysis of other pathway components that were not represented on I-gene microarray. All genes of the Smad-mediated Bmp signaling pathway exhibited lower expression in the cone-only Nrl Ϫ/Ϫ retina (Fig. 3A) . The expression levels of Bmp4, Bmp2, and Bmpr1a were reduced by 12-, 4-, and 32-fold, respectively, in the Nrl Ϫ/Ϫ retina, whereas R-Smads (Smad 1 and Smad 5) and co-Smad (Smad 4) transcripts were marginally decreased. The expression of antiSmads (Smad 6 and Smad 7) and Tob1 was also reduced in the Nrl Ϫ/Ϫ retina.
Altered Expression of the Components of Wnt/Ca 2ϩ Signaling Pathway in the Nrl
Ϫ/Ϫ Retina-Altered expression of several Ca 2ϩ /calmodulin-regulated genes, including Myo5a, Myo7a, and Mtap6, prompted us to examine the transcript levels of calmodulin (Calm2) and Camk2b by qRT-PCR. Both genes demonstrated altered expression in the Nrl Ϫ/Ϫ retinal RNA as compared with the wild type (Fig. 3B) . We also detected higher expression of the Wnt5a ligand by qRT-PCR, indicating the overall increased activity and utilization of this pathway in the Nrl Ϫ/Ϫ retina. ChIP Analysis-To investigate if the reduced expression of Bmp/Smad genes in the Nrl Ϫ/Ϫ retina is a direct result of the lack of Nrl, we performed ChIP assays that permit in vivo analysis of the binding of a transcription factor to its cognate cis-regulatory sequence elements (43, 44) . DNA fragments bound to Nrl were isolated from mouse retina using an anti-Nrl antibody (12) . The ChIP DNA was examined for the enrichment of putative promoter regions of the three Bmp/Smad pathway genes (Bmp4, Smad4, and Bmpr1a) (Fig. 4) . PCR amplification of the NRE region in the rhodopsin promoter (14, 18) was used as positive control for ChIP assay. We were able to amplify the genomic DNA fragments, including the putative Nrl binding sites upstream of transcription start sites of Bmp4 and Smad4; however, no enrichment of the promoter region of Bmpr1a was observed.
Expression of Bmp4 and Smad4 in Mature Rod Photoreceptors-To further validate the possible role of the Bmp/Smad pathway and its regulation by Nrl, we decided to determine the expression of Bmp4 and Smad4 in mature rod photoreceptors. In situ hybridization to RNA in adult mouse retina sections revealed a positive signal for Bmp4 and Smad4 in all three nuclear layers, including the outer nuclear layer (ONL) of photoreceptors that primarily contains rods (Fig. 5A) . RT-PCR analysis of the FACS-purified rod photoreceptors (GFP-positive and rhodopsin-positive) from the Nrl-GFP retina also demonstrated high enrichment of Smad4 transcripts in GFP(ϩ) versus GFP(Ϫ) cells (Fig. 5B) . GFP-positive cells also expressed Bmpr1a; however, the data for Bmp4 was inconsistent with the primers used for RT-PCR. We then examined whether Bmp4 or Smad4 protein is detectable in mature photoreceptors. Various commercially available Bmp4 antibodies gave either high background or did not work well on retinal sections; hence, we were unable to observe specific Bmp4 immunostaining. Nevertheless, one Smad4 polyclonal antibody displayed a distinct pattern in accordance with its diminution in the Nrl Ϫ/Ϫ mouse retina (Fig. 5C ). Within the adult wild type mouse retina, Smad4 immunostaining was observed throughout the inner segments (IS) and reaction product percolated down through the ONL as discrete fiber-like profiles (Fig. 5C, panels b and e) . Immunostaining was more intense toward the scleral surface of the ONL but was far more widespread than the few cone cell bodies located in this position. Smad4 immunolabeling partially overlapped with that of rhodopsin (panel c) and did not correspond to PNA staining (panel f). Taken together, these results suggest Smad4 is within a subset of rod cells.
DISCUSSION
Our knowledge of signaling molecules and cell-cell communication pathways that specify physiological divergence between rods and cones and their homeostasis is currently limited. The availability of the Nrl Ϫ/Ϫ mouse, which exhibits a complete lack of rods and significantly enhanced cone function, permits dissection of molecular differences between the two types of photoreceptors and associated pathways. We took advantage of the advances in microarray technology and utilized custom I-gene microarrays to compare the gene expression profiles of mature P21 retinas of the rod-dominant wild type mouse with that of the Nrl Ϫ/Ϫ mouse. In addition to a large number of differentially expressed genes encoding known proteins, we identified 24 novel ESTs that might serve as candidate genes for human retinal diseases but would require addi- Global gene expression profiling using microarrays is a powerful methodology to generate molecular signatures of specific cell types, yielding valuable data for investigating complex biological processes. However, a careful experimental design is critical; for cDNA microarrays, issues related to direct versus indirect comparisons have been repeatedly emphasized (42, 45) . Indirect comparison is more advantageous, because it allows researchers to cross-compare studies performed under different conditions. Recent advances have greatly minimized systematic sources of variations by improved technique (37), appropriate normalization (46 -48) , and sufficient replication (49, 50) . In this study, we used I-gene microarrays and evaluated the performance of indirect method using a reference RNA target relative to the direct comparison of wild type and Nrl Ϫ/Ϫ samples. Using the reference, we were able to obtain signals for Ͼ97% of spots on a single slide and about 91% of spots on all 12 slides studied. This high representation of retinal genes in the reference sample provides a basis for future indirect comparisons using I-gene microarrays and meta-analysis of the data. The percentage of positive spots on I-gene microarrays is substantially higher than that obtained with commercial microarray slides (52%) (31) or Affymetrix GeneChips (ϳ60%) using the retinal tissue (24) . Although the precise -fold change was not identical, similar patterns of gene expression were revealed by direct and indirect comparisons. As one would expect, increasing the number of independent replicates decreased the number of false positives. Despite systematic variation intro- duced by the use of a reference sample, we found that the indirect method provided comparable results to direct comparison.
Gene profiling of whole retina from wild type and Nrl Ϫ/Ϫ mice would yield expression differences that reflect the morphological and physiological changes associated with the loss of Nrl function. As predicted, the lack of rods and their replacement by cones resulted in higher expression of cone phototransduction genes with a concomitant reduction in rod gene transcripts. A majority of the differentially expressed genes showed lower expression in the Nrl Ϫ/Ϫ retina, reflecting the bias to- ward rod genes in the I-gene microarrays (containing cDNAs derived from rod-dominant wild type retinal tissue). Gene profiling suggested a remodeling of the Nrl Ϫ/Ϫ retina, as evident by altered expression of many genes encoding structural proteins (e.g. Prph2, Myo5a, Myo7a, Krt1-18, Cct4, and Mtap6) (see Table II ). This is consistent with the collapse of the subretinal space, shortening of photoreceptor outer segments, and rewiring of neurons in the outer plexiform layer (9, 51) . It should be noted that many of these expression changes probably reflect secondary rather than primary effects of the loss of Nrl.
Proteins of Wnt (wingless) and transforming growth factor-␤ families initiate a diverse array of signal transduction pathways that control cell-cell communication and play prominent roles during development (52) (53) (54) (55) (56) . Our studies demonstrated altered expression of components of Wnt/Ca 2ϩ and Bmp-Smad pathways in the mature Nrl Ϫ/Ϫ retina (Fig. 6 ). In the Wnt/Ca 2ϩ pathway, Wnt5a binds to its receptor Frizzled 2 (Fzd2), stimulating intracellular Ca 2ϩ release and activating Ca 2ϩ /calmodulin-dependent kinase II beta (Camk2b) in a G-protein-dependent manner (52) . The gene profiling data suggested alterations in Ca 2ϩ homeostasis, as indicated by increased expression of three (Gcap1, Gc1, and Rcvrn) and reduced expression of two (Gcap2 and Gc2) genes encoding Ca 2ϩ -regulated proteins. Furthermore, we observed altered expression of several Ca 2ϩ -dependent genes, such as Calm2, Camk2b, Mtap6, Myo5a, and Myo7a. Because these genes are expressed in both rods and cones (57, 58) , we hypothesize that the expression changes may reflect differences in Ca 2ϩ homeostasis in rods versus cones (59, 60) . We suggest that the Wnt/Ca 2ϩ pathway may modulate intracellular Ca 2ϩ concentration and may have more direct control on cone function or homeostasis. A regulatory role of the Wnt/Ca 2ϩ pathway in photoreceptor activity has been indicated in previous studies. Wnt5a and Fzd2 are known to signal through G␣t, which is highly and specifically expressed in photoreceptors, and are altered in mouse retinal mutants (61, 62) . In addition, two Fzd2 homologous genes, sFRP2 and Mfrp, known to inhibit the Wnt/Ca 2ϩ signaling pathway, were shown to have altered transcript levels in retinitis pigmentosa patients and in the rd6 mouse (63) (64) (65) . Regulated expression of synaptic proteins, such as Myo5a, Myo7a, and Hrg4 (Unc119h), is in good agreement with the known roles of the Wnt/Ca 2ϩ signaling in the synthesis and release of neurotransmitters (66) .
Bone morphogenetic proteins (Bmps) are members of transforming growth factor-␤ superfamily of secreted proteins that primarily transduce signals through Smad proteins (53) (54) (55) (56) . Bmp signaling is essential for lens development and is involved in retinal differentiation (67) (68) (69) (70) . Although a role for Bmps has been suggested in adult retinal pigment epithelium (71), little is known about Bmp and Smad pathways in the mature retinal photoreceptors. We postulate that reduced expression of genes of the Bmp/Smad pathway has relevance to the lack of rod function in the Nrl Ϫ/Ϫ retina. ChIP and expression data strongly suggest that Bmp4 and Smad4 are expressed in rod photoreceptors of adult mouse retina and that their expression is directly regulated by Nrl (see Figs. 4 and 5) . The absence of enrichment of Bmpr1a (although it is expressed in rods) by ChIP suggests that Nrl may not directly act on its promoter (at least in the region tested). Modulation of Bmp/Smad signaling by Nrl argues in favor of its role in rod-mediated cell-cell communication. Activated Smad complexes can positively or negatively regulate transcription of numerous target genes and modify cellular response. We hypothesize that in addition to directly controlling the expression of specific phototransduction genes in mature rods (15) (16) (17) (18) , Nrl influences rod function and homeostasis by integrating discrete signaling events. 
